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Abstract: The genome of the halophilic archaea Haloferax mediterranei contains three ORFs that
show homology with glutamine synthetase (GS) (glnA-1, glnA-2, and glnA-3). Previous studies
have focused on the role of GlnA-1, suggesting that proteins GlnA-2 and GlnA-3 could play a
different role to that of GS. Glutamine synthetase (EC 6.3.1.2) belongs to the class of ligases, including
20 subclasses of other different enzymes, such as aspartate–ammonia ligase (EC 6.3.1.1), glutamate–
ethylamine ligase (EC 6.3.1.6), and glutamate–putrescine ligase (EC 6.3.1.11). The reaction catalyzed
by glutamate–putrescine ligase is comparable to the reaction catalyzed by glutamine synthetase (GS).
Both enzymes can bind a glutamate molecule to an amino group: ammonium (GS) or putrescine
(glutamate–putrescine ligase). In addition, they present the characteristic catalytic domain of GS,
showing significant similarities in their structure. Although these proteins are annotated as GS,
the bioinformatics and experimental results obtained in this work indicate that the GlnA-2 protein
(HFX_1688) is a glutamate–putrescine ligase, involved in polyamine catabolism. The most significant
results are those related to glutamate–putrescine ligase’s activity and the analysis of the transcriptional
and translational expression of the glnA-2 gene in the presence of different nitrogen sources. This
work confirms a new metabolic pathway in the Archaea domain which extends the knowledge
regarding the utilization of alternative nitrogen sources in this domain.
Keywords: glutamine synthetase; glutamate–putrescine ligase; nitrogen assimilation; putrescine;
haloarchaea
1. Introduction
Glutamine synthetase (GS; EC 6.3.1.2), which belongs to the class of ligases, can
form carbon–nitrogen bonds using ATP. This class includes 20 different subclasses of
enzymes, including GS, aspartate–ammonia ligase (EC 6.3.1.1), glutamate–ethylamine
ligase (EC 6.3.1.6), and glutamate–putrescine ligase (EC 6.3.1.11). GS is an essential enzyme
in nitrogen metabolism that catalyzes the synthesis of glutamine from glutamate and
ammonium. Glutamine biosynthesis occurs through the biosynthetic reaction that first
involves the formation of γ-glutamyl-phosphate from ATP and glutamate and, later, the
release of phosphate, resulting in L-glutamine [1]. GS is a metalloenzyme dependent on
ATP and divalent metal ions such as magnesium (Mg2+) or manganese (Mn2+), obtaining
greater effectiveness via its catalytic activity in vitro in the presence of Mn2+ [2–4]. GS
acts with the glutamate synthase enzyme (GOGAT; EC 1.4.7.1), catalyzing the reductive
transfer of the amide group from L-glutamine to 2-oxoglutarate. This reaction, which is
dependent on reducing power, generates two molecules of L-glutamate, one of which is
recycled as a substrate for the GS reaction, while the other is exported or used to produce
other amino acids [5]. GS genes show homology in different organisms, even in distant
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evolutionary species; hence, this enzyme has been considered an excellent molecular clock
in gene evolution [6–9]. Different organisms present between one and four different GS,
which encode as glnA genes; however, many of these genes are incorrectly annotated and
the proteins are involved in other types of functions within nitrogen metabolism.
In recent years, Haloferax mediterranei has become one of the best-known halophilic
microorganisms belonging to the Archaea domain and is considered to be a model organism
for studying nitrogen metabolism [10–20], in addition to tolerance to environmental stress
agents [21], thus making it a promising candidate for future biotechnological applications.
In relation to nitrogen metabolism, Hfx. mediterranei assimilates ammonium through two
different pathways depending on its availability in the cell. When ammonium is present
at low concentrations, it is incorporated into carbon skeletons by GS-GOGAT. However,
when ammonium is present at high concentrations, it is assimilated through the glutamate
dehydrogenase enzyme (GDH; EC 1.4.1.2) [12,17]. It is known that the genome of Hfx.
mediterranei encodes three glnA genes (glnA-1, glnA-2, and glnA-3), whose sequences show
homology with the GS sequences of various organisms [14].
Previously, conditional mutants of the Hfx. mediterranei glnA-1 gene (HM26-∆glnA-1) were
obtained in the presence of glutamine in culture media [20]. On the contrary, without the
addition of glutamine, the mutants obtained were heterozygous, containing two versions of
the gene (wild and deleted) in their genome. This fact highlights the necessity of the glnA-1
gene in Hfx. mediterranei. HM26-∆glnA-1 transcriptome analysis revealed that genes glnA-2
and glnA-3 did not present the same expression profile, so the role of glnA-2 and glnA-3
remains unclear [20]. The protein encoded by the glnA-1 gene has an identity of 51.9% and
49.1%, with the proteins encoded by the glnA-2 and glnA-3 genes, respectively. GlnA-2 and
GlnA-3 proteins show an identity between them of 60.9%. The GlnA-1 protein from Hfx.
mediterranei maintains partially or completely conserved the three consensus sequences
characteristic of GS: PS00180 (glutamine synthetase signature 1), PS00181 (putative ATP
binding region signature), and PS00182 (class I adenylation site). However, the GlnA-2 and
GlnA-3 proteins only partially conserve one of them (PS00181) [14]. In addition, it was
determined that the three Hfx. mediterranei GlnA proteins present the catalytic domain
PF00120 (Gln-Synt_C) used to identify GS type I (GSI). This domain is found in GS proteins
and another class of proteins related to polyamine metabolism. Universally, the GSI
presents 18 conserved amino acids which are also used to identify these proteins. Amino
acid sequence analysis of the three Hfx. mediterranei GlnA reveals that the sequence of the
GlnA-1 protein presents the 18 conserved residues, in addition to the typical adenylylation
residue (Y385) involved in its enzymatic activity regulation. However, eight of the key
residues for glutamine biosynthesis are replaced by others in the GlnA-2 protein, and lack
the adenylylation residue in both proteins.
Some species, such as Streptomyces coelicolor, Myxococcus xanthus, and Pseudomonas
KIE171, present different proteins that show remarkable similarity with GS (between
30–50%) and contain specific catalytic domains, but do not show GS activity. These proteins
can catalyze reactions in a comparable manner to the glutamine synthesis reaction but
using different substrates to ammonium and/or glutamate. In S. coelicolor M145, it has
been demonstrated that the GlnA3 protein (SCO6962), first annotated as GS, is involved in
the catabolism of polyamines, and is expressed under ammonium limitation conditions
and with low glucose concentration [22]. Another GS-like protein from S. coelicolor M145,
GlnA4 (SCO1613), is involved in the metabolism of a new ethanolamine pathway, in which
the GlnA4 protein acts as a γ-glutamyl–ethanolamide synthetase [23].
The polyamine catabolism has been studied mainly in Gram-negative bacteria. Dif-
ferent degradative pathways for polyamines in prokaryotes are known, including the
γ-glutamylation pathway, the aminotransferase pathway, the spermine/spermidine acetyl-
transferase pathway, and the direct oxidation pathway [24–32]. In Escherichia coli and
Pseudomonas aeruginosa, putrescine degradation is carried out by forming succinate us-
ing γ-aminobutyrate (GABA) as an intermediate metabolite through two pathways, the
γ-glutamylation pathway and the aminotransferase pathway [29–32]. In addition, P. aerug-
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inosa has an extended polyamine degradative pathway that involves seven γ-glutamyl-
polyamine synthetases (PauA1-7), which are specific for the different polyamines, monoamines,
or other substrates [31]. The distribution of polyamines among the different groups of
Archaea is characteristic of each of them. Hyperthermophilic, acidophilic, and thermoaci-
dophilic archaea contain a significant diversity of linear polyamines, whereas methanogenic
archaea contain homospermidine, putrescine, and more commonly, spermidine [33–35].
Some of the first observations on polyamines related to archaea determined that halobacte-
ria lacked polyamines [36,37].
This work shows that Hfx. mediterranei is able to grow in the presence of alternative
nitrogen sources, such as putrescine, as the only source of nitrogen or carbon. In addition,
this study provides new insight about the GlnA-2 role, which exhibits a novel glutamate–
putrescine ligase activity instead of GS activity, and represents the first time that this
activity has been detected in Archaea domain.
2. Materials and Methods
2.1. Bioinformatic Analysis
For the selection of the amino acid sequences, three independent alignments for each
Hfx. mediterranei glutamine synthetase—GlnA-1 (HFX_0245), GlnA-2 (HFX_01688), and
GlnA-3 (HFX_01686)—were carried out by BLASTP [38] against the NCBI database of “non-
redundant protein sequences (nr)”. Sequences with a percent identity greater than 95%
between them were eliminated. Phylogenetic inference was performed using the maximum
likelihood method and the Le Gascuel model [39]. Finally, the phylogenetic tree with the
highest logarithmic probability value was selected. A total of 500 re-samples were used
by bootstrapping [40]. The initial tree for the heuristic search was automatically obtained
using the Neighbor-Join (NJ) algorithm from a matrix of pairwise distances estimated using
the JTT model and, subsequently, by selecting the topology corresponding to the highest
log-likelihood value.
For the identification of conserved residues and domains present in the GlnA proteins
from Hfx. mediterranei, the alignment against GS model protein of Salmonella typhimurium
was carried out. Furthermore, an in silico analysis focused on the identification of conserved
domains in the GS was performed using different tools: HMMER [41] and Prosite Scan [42].
2.2. Strains and Culture Conditions
Hfx. mediterranei R4 (ATCC 33500T) was grown at 42 ◦C with aeration at 250 rpm.
The culture media contained 25% (w/v) seawater [43] with different nitrogen sources
and, in the absence of a nitrogen source (Table 1), was supplemented with 5 g/L glucose,
0.0005 g/L FeCl3, and 0.5 g/L KH2PO4. The pH value was adjusted to 7.3 with NaOH.
For the preparation of the medium in the absence of nitrogen, cells from a culture with
nitrogen source were harvested by centrifugation at 13,000 rpm for 30 min, washed with
25% seawater, and then transferred to a medium without a nitrogen source to induce the
nitrogen starvation. Cells were subjected to nitrogen starvation for 120 h.
Hfx. mediterranei HM26 (R4-∆pyrE2) was grown in the same conditions. In addi-
tion, the culture media to grow the HM26 strain were supplemented with 50 µg/mL
uracil [15,20].
E. coli strains DH5α for cloning and JM110 for efficient transformation of Hfx. mediter-
ranei were grown overnight in Luria—Bertani medium with ampicillin (100 mg/mL) at
37 ◦C.
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Table 1. Culture media used to grow Hfx. mediterranei.
Description Culture Media Assay
Complex medium
(Hm-CM)
0.5% (w/v) yeast extract as the








40 mM ammonium or
nitrate
Hm-DM with 40 mM NH4Cl
or KNO3 as the N source and









Hm-NS without N source and









Hm-DM with 40 mM
NH2(CH2)4NH2 as the
N source and 0.5% (w/v)






(Hm-CM) with 40 mM
putrescine
Hm-CM with





2.3. Identification and Expression of glnA-1 and glnA-2 Promoter Regions
The identification of the possible TATA boxes, BRE sequences, and transcription initia-
tion sites for each of the genes was carried out using a combination of the different bioinfor-
matic tools for bacteria and eukaryotes. In addition, a manual search was performed based
on consensus sequences for TATA boxes and halophilic BRE sequences [44–47]. From Hfx.
mediterranei R4 genomic DNA, the promoter regions identified of the glnA-1 and glnA-2
genes were amplified with the specific primers for each of these areas, including the cut-off
points of the restriction enzymes HindIII and NcoI (Table S1). The cloning vector pGEM-T
Easy (Promega, Barcelona, Spain) and the halophilic vector pVA513 (kindly provided by
Dr Mike Dyall-Smith (University of Melbourne, Australia)) were used, in addition to the
chemically competent cells E. coli DH5α and JM110 (Promega, Barcelona, Spain). The
halophilic vector pVA513 has origins of replication for both E. coli (pBR322) and Haloferax
sp. (pHK2), an ampicillin resistance gene to work in E. coli (AmpR), a novobiocin resistance
gene to work in Haloferax sp. (NovR), and HindIII and NcoI restriction enzymes cleavage
targets followed by the Haloferax lucentense β-galactosidase gene. The Hfx. mediterranei
transformants with the constructions pVA513-p-glnA-1 and pVA513-p-glnA-2 were grown
in Hm-CM, in Hm-DM with 40 mM ammonium or with 40 mM nitrate as the nitrogen
source and, in Hm-NS. All media were supplemented with 0.3 µg/mL novobiocin. The cul-
tures were carried out in triplicate, and growth was monitored by measuring the OD600nm
throughout the entire growth period. The characterization of the promoters was carried
out by measuring the β-galactosidase activity and the cell-free extracts were processed as
described in previous work [48,49]. All measurements were made in triplicate. One unit of
β-galactosidase activity was defined as the amount of enzyme that catalyzes the hydrolysis
of 1 µmol of ONPG min−1.
2.4. Gene Expression Analysis by Reverse Transcription PCR
RNA was isolated from Hfx. mediterranei R4 strain in Hm-CM cultures and in Hm-DM
in the presence of two different nitrogen sources, 40 mM nitrate or 40 mM ammonium,
in the middle of the exponential phase and the stationary phase. RNA was isolated after
nitrogen starvation for 48, 96, and 120 h from the Hfx. mediterranei R4 strain in Hm-NS
cultures. Total RNA isolation, quality, and quantity were analyzed as described in previous
work [50]. Four independent biological replicates of each condition were performed. For
cDNA synthesis, an RNA sample (0.5–0.6 µg) and M-MuLV Reverse Transcriptase (Thermo
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Scientific, Waltham, MA, USA) were used. Negative controls were performed without
enzyme or RNA. The RT-PCR protocol was performed according to the manufacturer’s
instructions. The oligonucleotides used to perform the RT-PCR were designed based on
the glnA-1 and glnA-2 genes (Table S1).
2.5. Proteins Expression Analysis by Western Blotting and Molecular Weight Determination
Western blotting was performed as described in the Western blotting principles and
methods manual (GE Healthcare, Chicago, IL, USA) using 30 µg of protein extracts, ob-
tained from Hfx. mediterranei R4 cultures in Hm-DM in the presence of different nitrogen
sources (40 mM nitrate, 40 mM ammonium, or 5–80 mM putrescine). Protein extracts
obtained from Hfx. mediterranei R4 cultures in the absence of a nitrogen source (Hm-NS)
for 48, 96, and 120 h were also used.
Harvested cells were resuspended to 40% (w/v) in 20 mM Tris–HCl, 2 M NaCl, and
10 mM MgCl2 buffer pH 7.5. As a primary antibody (polyclonal rabbit anti-GlnA antibody),
two synthetic peptides (GenScript, NJ, USA) were used at a concentration of 0.5 µg/mL, and
a secondary antibody was labeled with peroxidase 1:50,000 (Thermo Scientific, Waltham,
MA, USA), which uses luminol as a chemiluminescent substrate (GE Healthcare, Chicago,
IL, USA). Recombinant GlnA proteins obtained by heterologous expression in E. coli were
used as the positive control [14,51]. Moreover, recombinant GlnA-2 quaternary structure
verification was analyzed by gel filtration chromatography using a HiPrep 16/60 Sephacryl
S-300 High-Resolution column (GE Healthcare, Chicago, IL, USA) previously equilibrated
with 20 mM Tris-HCl pH 7.0, 2 M NaCl. Standard proteins for gel filtration chromatography
from 12.5 to 678 kDa were used as markers to estimate the protein molecular mass. Protein
was eluted in the presence of salt, at a flow rate of 0.5 mL/min in 20 mM Tris–HCl, 2 M
NaCl and 10 mM MgCl2 buffer pH 7.5. All of the purification steps were carried out at
room temperature.
2.6. Assays for GlnA Protein: Enzymatic Activity
GS and glutamate–putrescine ligase activities were measured using the method de-
scribed by Shapiro and Stadtman [52]. In both reactions, inorganic phosphate is produced
from the consumption of ATP. The schematic GS biosynthetic reaction to produce glu-
tamine is shown in Scheme 1a, and the glutamate–putrescine ligase reaction to produce
γ-glutamylputrescine is shown in Scheme 1b.
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Scheme 1. Schematic reaction of enzyme activities. (a) GS biosynthetic reaction. (b) Glutamate–
putrescine ligase reaction.
The reaction mixtures were incubated at 42 ◦C for 15 min. The final product was
detected at 660 nm. This assay was performed with both recombinant GlnA proteins and
cell extracts from Hfx. mediterranei R4 growth in the presence of different nitrogen sources.
All tests were carried out in triplicate. Negative control assays were also performed in
parallel with the absence of the enzyme or the absence of ATP. One unit of GS activity was
defined as the amount of protein that produces 1 µmol of phosphate/min.
2.7. Construction and Characterization of the HM26-∆glnA-2 Mutants
In-frame deletion mutants of the glnA-2 gene (HM26-∆glnA-2) were obtained from
the parental strain Hfx. mediterranei HM26 (R4-∆pyrE2) using the pop-in/pop-out method
as described previously for Hfx. mediterranei [15,20,53]. For the characterization of the
HM26-∆glnA-2 strain, the growth and stability of the mutant in Hm-CM and Hm-DM in
the presence of different nitrogen sources, i.e., 5–80 mM nitrate, 5–80 mM ammonium, or
5–80 mM putrescine, were studied. The statistical analysis of the growth parameters of
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the HM26-∆glnA-2 strain was carried out compared to the parental strain Hfx. mediterranei
HM26 (R4-∆pyrE2) obtained in previous work [15] under the same conditions. Three
biological replicates were performed for each strain and culture medium. The stability
of glnA-2 deletion during growth on different culture media was determined by PCR
screening, Southern blotting, and Western blotting.
3. Results
3.1. Bioinformatic Analysis of the GS Proteins
The phylogenetic analysis revealed that at the origin of the obtained phylogenetic
tree (Figure 1), there is a bifurcation differentiating two central nodes. In the first node
are all the GlnAs from species belonging to the Archaea domain, with the exception of
two bacterial species (S. coelicolor and Streptomyces luteus). Two other well-differentiated
secondary nodes emerge from the first node. Most of the proteins found in the different
branches of the first secondary node are species from the Haloferacaceae family, which
includes the GlnA-1 protein from Hfx. mediterranei. Most of the proteins found in the
other secondary node are species from the Halobacteriaceae family and other representatives
of the Haloferacaceae, Natrialbaceae, and Halorubraceae families (according to abundance
order). This node contains the GlnA-2 and GlnA-3 proteins from Hfx. mediterranei, which
are phylogenetically closer to each other than GlnA-1. Several GlnA proteins, which are
present in the same organism, are located at different nodes, as occurs with the GlnA
proteins of Hfx. mediterranei, where GlnA-1 is located at a different node than GlnA-2 and
GlnA-3. These results suggest an ancient duplication of Hfx. mediterranei GlnA proteins
and subsequent diversification of the paralogs on the two main branches of the tree.
To elucidate whether the glnA genes encode functional GS, the amino acid sequences
were aligned against the sequence of the S. typhimurium GlnA, determining the presence or
absence of the amino acid residues characteristic of the active site of GS. The sequence of S.
typhimurium GlnA (P0A1P6) was established as a reference model, given that its structure
is determined by X-ray crystallography. It shows 37.6% and 28.0% identity with GlnA-1
and GlnA-2, respectively. The alignment results show that GlnA-1 contains 18 conserved
residues, whereas GlnA-2 contains 10 of these 18 conserved residues (Figure 2).
There are 35 and 187 conserved amino acids in the GS of most species and prokaryotes,
respectively. GlnA-1 contains 28 (80.0%) conserved residues and GlnA-2 contains 21
(60.0%), whereas 84 (44.9%) and 48 (25.7%) of the residues present in prokaryotes are
conserved in GlnA-1 and GlnA-2, respectively. The residue substitutions could be due
to the mechanisms of adaptation and divergence processes. The adenylylation box is
composed of eight universally conserved residues (KNKPDKLY). GlnA-1 presents five
residues of the adenylylation box, including the tyrosine residue (Y397), whereas the Hfx.
mediterranei GlnA-2 protein only has three residues, lacking the adenylylation residue
(Y397), which is replaced by the C375 residue.
The conserved residues and their relative positions (numbering refers to S. typhimurium
GlnA) present in each GlnA protein of Hfx. mediterranei are summarized in Table 2, confirm-
ing that GlnA-2 does not present essential residues for glutamine synthesis (E327 and D50).
Furthermore, the Y179 residue essential for binding to ammonium is replaced by alanine,
providing significantly more space for binding with a bulky substrate. These results sug-
gest that GlnA-1 protein from Hfx. mediterranei corresponds to functional GS as previously
described [20], whereas GlnA-2 may be involved in other functions. By comparison, Hfx.
mediterranei GlnA-1 and GlnA-2 protein sequence analysis by InterProScan1 predicted a
beta-C-terminal catalytic domain corresponding to the characteristic GS enzymatic domain
(IPR008146). This domain is present in many proteins of the GS family.
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3.2. Identification and Expression of glnA-1 and glnA-2 Promoter Regions
The genomic organization analysis determined that the glnA-1 gene (Scheme 2a)
appears in the genome located downstream of the Lrp/AsnC transcriptional regulator [49]
and upstream of SAM-methyltransferase genes. The glnA-2 gene (Scheme 2b) is located
between two transporter genes (downstream of the MATE transporter and upstream of
the ABC transporter family), and close to the glnA-3 gene; both are distant from the
glnA-1 gene.
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The promoter regions of the glnA-1 and glnA-2 genes were identified by bioinformatic
analysis. The selected regions contain the possible TATA box and the BRE sequence, in
addition to the transcriptional start site and the start of the gene (Figure S1). These promoter
regions were cloned in the halophilic vector pVA513. The Hfx. mediterranei transformants
with the pVA513-p-glnA-1 (Figure S2) and pVA513-p-glnA-2 (Figure S3) constructions were
characterized. The growth of these transformants was similar to those described previously.
The characterization of the promoter region of the glnA genes was carried out by measuring
specific β-galactosidase activity using different cultures of Hfx mediterranei growth under
several nitrogen sources. β-galactosidase activity was detected in all media analyzed at the
different growth times (Figures S2 and S3).
In Hm-CM and Hm-DM with 40 mM ammonia or nitrate, the transformants with
the pVA513-p-glnA-1 construction showed the maximum specific β-galactosidase activity
in the middle of the exponential phase. From that point, the activity of β-galactosidase
decreased, although it was detected until reaching the stationary phase. In the absence of
nitrogen (Hm-NS), as expected, the transformants with the pVA513-p-glnA-1 construction
showed higher β-galactosidase activities than in the presence of ammonium as a nitrogen
source. Under nitrogen starvation conditions, the β-galactosidase activity was maintained
for up to 120 h, obtaining the best values of specific activity at 24 h of nitrogen deficiency
(Table 3, Figure S2).
The transformants with the pVA513-p-glnA-2 construction (Figure S3) showed β-
galactosidase activity values that were very similar in all the conditions tested indepen-
dently of the nitrogen source. Maximum activity values were detected in the middle of
the exponential growth phase in all the conditions. Under nitrogen starvation conditions,
β-galactosidase activity values did not show changes. Regardless of the number of hours of
starvation of the nitrogen source, these values were between 2.6 ± 0.3 and 2.9 ± 0.2 U/mg.
Furthermore, in this condition, the β-galactosidase activity values were maintained up
to 120 h. These results suggest that the glnA-1 expression appears to increase when the
ammonium concentration decreases, whereas the glnA-2 expression appears to be similar
in all of the conditions analyzed.
The β-galactosidase activity was also analyzed in the presence of 40 mM putrescine
(Figure S4). Surprisingly, Hfx. mediterranei can grow in Hm-DM with 40 mM putrescine as a
nitrogen source. Under this culture condition, the transformants with the pVA513-p-glnA-1
and pVA513-p-glnA-2 constructions showed β-galactosidase activity at different growth
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phases. The maximum activity values were detected in the middle of the exponential
growth phase in this condition (Table 3).
Table 3. Maximum β-galactosidase activity values obtained from cultures of the Hfx. mediterranei
transformants with pVA513 constructions in the presence of different nitrogen sources.
Media
β-galactosidase Activity in Protein Extracts of Hfx.
mediterranei Transformants with pVA513-p-glnA
Constructions (U/mg)
pVA513-p-glnA-1 pVA513-p-glnA-2
Hm-CM 1.8 ± 0.2 * 3.2 ± 0.1 *
Hm-DM with
40 mM ammonium 3.5 ± 0.5 * 3.2 ± 0.2 *
Hm-DM with
40 mM nitrate 5.6 ± 0.5 * 3.1 ± 0.3 *
Hm-DM with
40 mM putrescine 3.2 ± 0.6 * 3.7 ± 0.4 *
Hm-NS
6.17 ± 0.06 ** 2.8 ± 0.2 **
5.5 ± 0.8 *** 2.9 ± 0.2 ***
* In the middle of exponential phase. ** At 24 h of nitrogen deficiency. *** At 72 h of nitrogen deficiency.
3.3. Gene Expression Analysis by Reverse Transcriptase PCR
The expression of glnA-1 and glnA-2 genes from Hfx. mediterranei was analyzed by RT-
PCR using RNA isolated from cultures grown in the presence of different nitrogen sources.
The results obtained in this analysis show that the glnA-1 and glnA-2 genes are
expressed in Hm-CM and in Hm-DM with different nitrogen sources (40 mM ammonium
or 40 mM nitrate) at different growth phases (in the middle of the exponential phase and
the stationary phase). As expected, under nitrogen starvation, glnA-1 and glnA-2 genes are
expressed independently of the nitrogen deficiency time (48, 96, and 120 h). The results
showed that both genes are constitutively expressed in all conditions tested (Figure 3)
and are in agreement with those obtained in the characterization of the promoter regions,
in which β-galactosidase activity was obtained in all of the analyzed media at different
growth phases.
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3.4. Proteins Expression Analysis by Western blotting and Molecular Weight Determination
Protein expression analysis was performed using Hfx. mediterranei R4 protein extracts
from cultures grown under different conditions to analyze the GlnA-1 and GlnA-2 transla-
tional expression profiles depending on nitrogen source.
Biomolecules 2021, 11, 1156 11 of 19
The Western blotting results show that GlnA-1 is expressed in Hm-CM independently
of the growth phase. In Hm-DM, with 40 mM ammonium or 40 mM nitrate, the GlnA-1
protein also showed expression at the same growth phase (at initial exponential phase, at
middle exponential phase, and in stationary phase). The GlnA-1 protein expression was
detected in Hm-NS at 48, 96, and 120 h of nitrogen starvation (Figure 4).
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Figure 4. Hfx. mediterranei GlnA roteins ex ression depending on nitrogen source analyzed by
Western blotting. The positive control (C+) corresponds to the recombinant protein of GlnA-1 and
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3:120 h nitrogen starvation.
The GlnA-2 protein expression was detected in all conditions (Hm-DM with 40 mM
ammonium or nitrate and Hm-NS) at different growth phases, except in Hm-CM, in which
the only expression was obtained in the positive control (Figure 4). This result suggests that
GlnA-2 expression could be regulated at the post-transcriptional level, because GlnA-2 is
expressed at the transcriptional level in Hm-CM.
Curiously, Hfx. mediterranei grew in Hm-DM with putrescine as the only source of
nitrogen or carbon. These results indicate that Hfx. mediterranei can grow with polyamines.
However, the maximum OD600nm values reached were lower than those obtained in the
presence of other nitrogen or carbon sources (Figure S5).
Western blotting analysis carried out using Hfx. mediterranei protein extracts, in
the presence of different concentrations of putrescine (20–80 mM) as a nitrogen source,
indicate that the GlnA-1 and GlnA-2 proteins also showed expression in the middle of the
exponential growth phase (Figure 5). In Hm-CM, in the presence of 40 mM putrescine
in the same growth phase, the expression of the GlnA-1 and GlnA-2 proteins could also
be detected. Consequently, these results are an excellent starting point to determine the
presence of a new pathway for putrescine degradation in Haloarchaea.
In parallel, the molecular weight of recombinant GlnA-2 protein was calculated using
size exclusion chromatography, being 667 kDa (Figure S6). As the molecular weight of
GlnA-2 monomer was found to be 55 kDa by SDS-PAGE analysis, it suggests that this
protein forms a dodecamer, as does GS. Although the GlnA-2 molecular weight presents a
high degree of similarity with that of GS protein, it may not be a GS protein. Similar results
have been described in E. coli, in which the GS protein and the glutamate–putrescine ligase
(PuuA) share structural similarities [54].
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3.5. GS Activity and Glutamate–Putrescine Ligase Activity Assays
As expected, GlnA-1 recombinant protein shows GS activity (1.48 ± 0.11 U/mg)
(Figure 6a). In Hm-CM, the GS activity obtained (0.22 ± 0.01 U/mg) is lower than those ob-
tained in other conditions, because the GS-GOGAT pathway is more active under nitrogen-
deficient conditions. In Hm-DM with 40 mM nitrate or 40 mM putrescine, and in Hm-CM
in the presence of putrescine, higher levels of GS activity were obtained (1.23 ± 0.06 U/mg,
2.99 ± 0.07 U/mg and 2.26 ± 0.06 U/mg, respectively) (Figure 6b); however, surprisingly,
GlnA-2 recombinant protein shows only glutamate–putrescine ligase activity (Figure 6a).
In Hm-CM, no glutamate–putrescine ligase activity was obtained (0.11 ± 0.03 U/mg)
because GlnA-2 protein is not expressed in this condition; whereas, in Hm-DM with 40 mM
nitrate, glutamate–putrescine ligase activity was clearly detected (1.75 ± 0.07 U/mg). Inde-
pendently of the medium composition, the highest values of glutamate–putrescine ligase
activities were obtained in the presence of 40 mM putrescine (3.42 ± 0.09 U/mg in Hm-CM
with putrescine or 4.47 ± 0.11 U/mg in Hm-DM with putrescine) (Figure 6b).
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At other concentra ions of putrescine used (5–80 mM), both the GS ac ivity and the
glutamate–putrescine ligase activity were also obtained (data not shown). These results
suggest that GlnA-2 protein from Hfx. mediterranei may be responsible for glutamate–
putrescine ligase activity and is the first time that this activity has been evidenced in
Archaea. However, to date, the role that this activity plays in the archaea is still unknown
because glutamate–putrescine ligase activity has not been described in Hfx. mediterranei or
in any other Haloarchaea.
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3.6. Construction and Characterization of the HM26-∆glnA-2 Mutants
To determine the GlnA-2 protein role in Hfx. mediterranei metabolism, deletion mutants
of the glnA-2 gene were generated and characterized depending on nitrogen source. The
Southern blot results confirm that the gene encoding GlnA-2 was deleted (Figure S7).
The fact that the knockout mutants of the glnA-2 gene were obtained without adding
glutamine to the culture medium, in contrast to the glnA-1 gene deletion mutants [20],
indicates that the glnA-2 gene is not an essential gene for glutamine synthesis in Hfx.
mediterranei. The deletion mutants HM26-∆glnA-2 were characterized in Hm-DM with
different ammonium, nitrate, or putrescine concentrations as the sole nitrogen source
(data not shown). Statistical analysis revealed that the HM26-∆glnA-2 strain showed no
significant differences in growth rate in Hm-CM. On the contrary, in Hm-CM with 40 mM
putrescine, the differences were significant (Figure S8a). Moreover, the HM26-∆glnA-2
strain only showed significant differences in growth rate at high ammonium (20–80 mM)
(Figure S8b), and nitrate concentrations (40–80 mM) (Figure S8c), whereas in the presence of
putrescine as a nitrogen source, significant differences were observed at all concentrations
tested (5–80 mM) (Figure S8d).
To prove whether deletion of the glnA-2 gene could affect enzyme activity, an activity
analysis was performed using extracts obtained from HM26-∆glnA-2 strain cultures in
different nitrogen sources (Hm-CM, Hm-CM with 40 mM putrescine, Hm-DM with 40 mM
nitrate, or putrescine). Both GS biosynthetic activity and glutamate–putrescine ligase
activity were measured to carry out these analyses.
As expected, in Hm-CM, similar GS activity was obtained in both the parental Hfx.
mediterranei strain (HM26) and the mutant Hfx. mediterranei strain (HM26-∆glnA-2). The
same results were also obtained with the glutamate–putrescine ligase activity.
In nitrate-defined or putrescine-defined medium, GS activity was obtained (1.25 ±
0.01 U/mg and 2.23 ± 0.07 U/mg respectively) in the parental strain (HM26), indicating
that this activity is due to GlnA-1. However, although GS activity was also detected in the
mutant strain (HM26-∆glnA-2), the values showed a remarkable decrease of 30–40%. In the
same conditions, glutamate–putrescine ligase activity was obtained in the parental strain
(1.75 ± 0.07 U/mg with nitrate or 3.47 ± 0.11 U/mg with putrescine).
Surprisingly, no glutamate–putrescine ligase activity was obtained in the HM26-∆glnA-
2 mutant in these conditions. The same GS and glutamate–putrescine ligase activities
results were obtained in Hm-CM with 40 mM putrescine, which did not show HM26-
∆glnA-2 mutant strain glutamate–putrescine ligase activity. These results confirm that
GlnA-2 exhibits putrescine activity rather than GS activity and, therefore, is a glutamate–
putrescine ligase protein that is erroneously annotated as a GS protein (Figure 7).
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4. Discussion
The Hfx. mediterranei genome has three genes annotated as GS (glnA-1, glnA-2, and
glnA-3). Recently, it has been determined that the glnA-1 gene is essential for its growth,
whereas proteins GlnA-2 and GlnA-3 could play a different role [20]. In particular, Hfx.
mediterranei GlnA-2 presents substitutions in crucial amino acids for glutamine synthe-
sis and the lack of the typical adenylylation residue. Consequently, it may be possible
that it plays a catalytic role in other types of reactions. Similar substitutions have been
described in other proteins annotated as GS [55,56]. Therefore, this protein would not
be subject to control by covalent modification mediated by adenylyltransferases, as also
occurs in GlnA4 from Myxococcus xanthus and GlnA2, GlnA3, and GlnA4 from S. coeli-
color [22,55,56]. Other examples of GS-like proteins have been described in Pseudomonas
sp. KIE171, in which the IpuC protein annotated as GS-like, is involved in the degrada-
tion of isopropylamine [57]; in E. coli K-12, the puuA gene was initially annotated as GS,
subsequently demonstrating that this gene encodes a glutamate–putrescine ligase [54];
and in S. coelicolor M145, the GlnA3 protein is involved in the degradation of polyamines
encoding a γ-glutamylpolyamine synthetase [22], and the GlnA4 protein in the degradation
of ethanolamine [23].
Based on β-galactosidase activity results, the expression of the glnA-1 gene is indirectly
related to the ammonium concentration, as occurs in S. coelicolor [58–60]. Furthermore, these
results are in agreement with previous studies in which RT-PCR, qPCR, and microarray
demonstrated that the transcription of the GS/GOGAT pathway genes and other genes involved
in the nitrate assimilation pathway increased in nitrogen limiting conditions [13,16,17,61]. By
comparison, these results indicate that the glnA-1 gene in Hfx. mediterranei is constitutively
expressed, showing basal β-galactosidase activity. Opposite results have been reported for
the Hfx. mediterranei nasA promoter, which presents a maximum activity at the beginning
of the exponential growth phase, and shows a remarkable decrease in activity during the
exponential phase in Hm-DM with 40 mM nitrate. Very low levels of β-galactosidase
activity under the p-nas promoter control were detected in Hm-DM with 40 mM ammonia;
values were close to zero throughout, indicating that the promoter was inactive under
these conditions and only presented a very low basal activity [48]. The expression of glnA-2
appears not to depend on nitrogen limitation, unlike that of the glnA-1 gene.
At the translational level, the GlnA-1 protein shows expression in all nitrogen sources
analyzed. By comparison, although the glnA-2 gene shows expression in all nitrogen
sources analyzed, the GlnA-2 protein does not show expression at the translational level in
Hm-CM. This could be because the glnA-2 gene is controlled by some type of regulation
at the transcriptional level. At present, sRNAs are known to play an essential role in
the post-transcriptional regulation of many processes in the three domains of life [62–64].
Recently sRNAs (sRNA274 and sRNA310) were identified in Hfx. mediterranei whose
expression patterns change according to the nitrogen source [18]. This study shows that
the glnA-2 gene is one of the potential target genes of these sRNAs, and it is possible that
the expression of GlnA-2 would be regulated by this mechanism [19].
To elucidate the role of GlnA-2 in Hfx. mediterranei primary metabolism, its growth
and expression were analyzed in the presence of other nitrogen sources, specifically in the
presence of putrescine. This work shows that Hfx. mediterranei can grow in the presence of
polyamine putrescine as the sole nitrogen or the sole carbon source. However, its growth is
less than that using other nitrogen sources, such as ammonium or nitrate, or another carbon
source, such as glucose. In addition, the β-galactosidase assay and Western blotting showed
that GlnA-1 and GlnA-2 are expressed in Hm-DM in the presence of putrescine (20–80 mM).
To test whether GlnA-2 can metabolize putrescine, GS activity and glutamate–putrescine
ligase activity were assayed from recombinant GlnA-1 and GlnA-2 proteins. Results
showed that only the GlnA-1 protein presents GS activity, whereas only the GlnA-2 protein
presents glutamate–putrescine activity. Furthermore, in the mutant strain HM26-∆glnA-2,
the GS activity decreased approximately 30–40%, whereas the glutamate–putrescine ligase
activity was almost undetectable. Higher activity values were obtained under nitrogen-
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limiting conditions for GS and glutamate–putrescine activities. At high concentrations of
ammonium or nitrate, the growth of the mutant strain HM26-∆glnA-2 showed significant
differences concerning the growth of the parental strain HM26. This may be because the
products of the pathway in which the GlnA-2 protein is involved may serve as a substrate
of the pathway in which the GlnA-1 protein is involved, or some of its products may share
both pathways (polyamine degradation and ammonium assimilation). However, in Hm-
CM, the growth of both strains was similar because, in this condition, the GlnA-2 protein
is not expressed, because it is absent in the mutant strain, it has no effect. The results of
this work, both bioinformatic and experimental, show that the glnA-2 gene—previously
annotated as a GS—encodes a glutamate–putrescine ligase protein.
Hfx. mediterranei may present a putrescine degradation reaction similar to that of E. coli,
in which the first step of glutamination would be catalyzed by GlnA-2 (Figure 8). The first
step of the γ-glutamylation pathway, or Puu pathway in E. coli, consists of the glutamyla-
tion of putrescine to γ-glutamylputrescine catalyzed by γ-glutamylputrescine synthetase or
glutamate–putrescine ligase (PuuA) (EC 6.3.1.11). The γ-glutamylputrescine is completely
oxidized to γ-glutamylaminobutyrate by γ-glutamylputrescine oxidase (PuuB) and γ-
butyraldehyde dehydrogenase (PuuC). The γ-glutamylaminobutyrate is then hydrolyzed to
glutamate and γ-aminobutyrate (γ-GABA) by γ-GABA hydrolase (PuuD) [30,54,65]. How-
ever, the aminotransferase pathway requires, first, the transamination of putrescine with
2-oxoglutarate to generate glutamate and γ-aminobutyraldehyde by putrescine aminotrans-
ferase (PatA) and, second, the oxidation of this γ-aminobutyraldehyde to γ-aminobutyrate
by γ-aminobutyraldehyde dehydrogenase (PatD/PuuC). In addition, different genes re-
lated to polyamine metabolism in this bacterium have been identified in the Hfx. mediter-
ranei genome, such as putA, aldY2, aldY5, hat2, speE, speB1, and pdaD.
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Moreover, various polyamide transporter genes (HFX_0019, HFX_ 1687, HFX_6077,
HFX_6079, and HFX_6080) homologous to bacterial species such as in S. coelicolor SCO2780,
SCO3453 SCO5668, SCO5669, and SC05670 [22] and in halophilic archaea Hfx. volcanii
potA1 (HVO_A0293), potA2 (HVO_A0294), potB (HVO999), and potD (HVO_A0300) [66]
are present in the Hfx. mediterranei genome.
Although the presence of intracellular polyamides in Hfx. mediterranei has not yet
been determined, the results described show the presence of enzymes capable of catalyzing
the first step of the γ-glutamylation pathway in Hfx. mediterranei. For the first time, this
provides evidence of the presence of these enzymes in Archaea.
5. Conclusions
This work successfully demonstrated that the GlnA-2 protein, in contrast to the
GlnA-1 protein, shows glutamate–putrescine ligase activity. Although these halophilic
proteins share structural similarities, the substitutions in essential residues for glutamine
biosynthesis, which are conserved in the three domains of life, could be the reason why
GlnA-2 does not present GS activity. Similarly, the Hfx. mediterranei growth in the presence
of putrescine represents the first attempt to reveal a novel polyamine utilization pathway
in the Archaea domain, which remains complex and unexplored. This contribution is a
milestone in understanding the ecology of Hfx. mediterranei and the use of alternative
nitrogen sources, which allows this microorganism to be competitive in its habitat and to
survive under stress conditions.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biom11081156/s1. Table S1: Primers sequences used in the promoter region cloning and
in the analysis of expression at the transcriptional level by RT-PCR. Figure S1: Putative promoter
regions of glnA-1 and glnA-2. (a) Promoter region of glnA-1. (b) Promoter region of glnA-2. The
start codon (ATG) is underlined in red and the possible transcription start site is shaded in blue.
The sequences corresponding to the TATA box and the BRE region are outlined in purple and green,
respectively. Figure S2: Cell growth and β-galactosidase activity of Hfx. mediterranei transformants
pVA513-p-glnA-1 in different culture media. (a) Hm-CM. (b) Hm-DM with 40 mM ammonium as the
nitrogen source. (c) Hm-DM with 40 mM nitrate as the nitrogen source. (d) Hm-NS. Figure S3: Cell
growth and β-galactosidase activity of Hfx. mediterranei transformants pVA513-p-glnA-2 in different
culture media. (a) Hm-CM. (b) Hm-DM with 40 mM ammonium as the nitrogen source. (c) Hm-DM
with 40 mM nitrate as the nitrogen source. (d) Hm-NS. Figure S4: Cell growth and β-galactosidase
activity of Hfx. mediterranei transformants pVA513-p-glnA in Hm-DM with 40 mM putrescine. (a) Hfx.
mediterranei transformants pVA513-p-glnA-1. (b) Hfx. mediterranei transformants pVA513-p-glnA-2.
Figure S5: Growth curves of the Hfx. mediterranei R4 in the presence of putrescine. All conditions
are represented in different colors: • Hm-DM with putrescine as the sole nitrogen source (with 0.5%
glucose). • Hm-DM with putrescine as the sole carbon source (without glucose, with ammonia as
nitrogen source). • Hm-CM with putrescine. Figure S6: Determination of the molecular mass of
the recombinant protein GlnA-2 by chromatography on Sephacryl S-300. The standard proteins
are represented in gray whereas the GlnA-2 protein is represented in blue. Figure S7: Generation
and confirmation of glnA gene deletion mutants. (a). Genomic organization of wild type (HM26)
and pop-out mutants (HM26-∆glnA-2). Restriction sites of BbrpI are represented as vertical circles
(blue in the HM26, or purple in the mutant HM26-∆glnA-2). The sizes of the fragments estimated
for the identification of each version of the gene by Southern blot analysis are shown in black.
(b). Southern blot of glnA-2 pop-out mutants. Lane 1: DNA marker molecular weight Marker III,
DIG_labeled (Roche). Lane 2-11: Mutant emergence. Lane 12: HM26. Lane 13: DNA marker
molecular weight Marker III, DIG_labeled (Roche). Figure S8: Characterization of the HM26-∆glnA-2
mutants depending on nitrogen source. (a) Hm-CM in the presence or absence of putrescine. (b)
Hm-DM with different ammonium concentrations. (c) Hm-DM with different nitrate concentrations.
(d) Hm-DM with different putrescine concentrations. The p-value is represented with asterisks
corresponding to * (p-value< 0.05); ** (p-value < 0.01); *** (p-value < 0.001).
Biomolecules 2021, 11, 1156 17 of 19
Author Contributions: Conceptualization, V.R.-H., J.E. and M.-J.B.; methodology, V.R.-H., A.P. and
J.E.; formal analysis, V.R.-H., J.E. and M.-J.B.; investigation, V.R.-H., J.E. and M.-J.B.; resources,
M.C. and M.-J.B.; writing—original draft preparation, V.R.-H., J.E. and M.-J.B.; writing—review and
editing, V.R.-H., V.B., M.C., J.E. and M.-J.B.; supervision, J.E. and M.-J.B.; project administration,
M.-J.B.; funding acquisition, M.-J.B. All authors have read and agreed to the published version of
the manuscript.
Funding: This research was funded by Universidad de Alicante, VIGROB-016.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available within the article.
Acknowledgments: We thank Mike Dyall-Smith for providing pVA513 plasmid.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Eisenberg, D.; Gill, H.; Pfluegl, G.; Rotstein, S. Structure–function relationships of glutamine synthetases. Biochim. Biophys. Acta
Protein Struct. Mol. Enzymol. 2000, 1477, 122–145. [CrossRef]
2. Shapiro, B.M.; Ginsburg, A. Effects of specific divalent cations on some physical and chemical properties of glutamine synthetase
from Escherichia coli. Taut and relaxed enzyme forms. Biochemistry 1968, 7, 2153–2167. [CrossRef]
3. Martínez-Espinosa, R.M.; Esclapez, J.; Bautista, V.; Bonete, M.J. An octameric prokaryotic glutamine synthetase from the
haloarchaeon Haloferax mediterranei. FEMS Microbiol. Lett. 2006, 264, 110–116. [CrossRef]
4. Wray, L.; Fisher, S. Functional Roles of the Conserved Glu304 Loop of Bacillus subtilis Glutamine Synthetase. J. Bacteriol. 2010, 192,
5018–5025. [CrossRef]
5. Ireland, R.J.; Lea, P.J. The enzymes of glutamine, glutamate, asparagine and aspirate metabolism. In Plant Amino Acids: Biochemistry
and Biotechnology; Singh, B.K., Ed.; Marcel Dekker, Inc.: New York, NY, USA, 1999; pp. 49–109.
6. Pesole, G.; Bozzetti, M.P.; Lanave, C.; Preparata, G.; Saccone, C. Glutamine synthetase gene evolution: A good molecular clock.
Proc. Natl. Acad. Sci. USA 1991, 88, 522–526. [CrossRef] [PubMed]
7. Pesole, G.; Gissi, C.; Lanave, C.; Saccone, C. Glutamine synthetase gene evolution in bacteria. Mol. Biol. Evol. 1995, 12, 189–197.
[CrossRef] [PubMed]
8. Kumada, Y.; Benson, D.; Hillemann, D.; Hosted, T.; Rochefort, D.; Thompson, C.; Wohlleben, W.; Tateno, Y. Evolution of the
glutamine synthetase gene, one of the oldest existing and functioning genes. Proc. Natl. Acad. Sci. USA 1993, 90, 3009–3013.
[CrossRef]
9. Hayward, D.; van Helden, P.D.; Wiid, I.J. Glutamine synthetase sequence evolution in the mycobacteria and their use as molecular
markers for Actinobacteria speciation. BMC Evol. Biol. 2009, 9, 48. [CrossRef]
10. Ferrer, J.; Pérez-Pomares, F.; Bonete, M.J. NADP-glutamate dehydrogenase from the halophilic archaeon Haloferax mediterranei.
Enzyme purification, N-terminal sequence and stability. FEMS Microbiol. Lett. 1996, 141, 59–63. [CrossRef]
11. Martínez-Espinosa, R.M.; Richardson, D.J.; Butt, J.N.; Bonete, M.J. Respiratory nitrate and nitrite pathway in the denitrifier
haloarchaeon Haloferax mediterranei. Biochem. Soc. Trans. 2006, 34, 115–117. [CrossRef] [PubMed]
12. Bonete, M.J.; Martínez-Espinosa, R.M.; Pire, C.; Zafrilla, B.; Richardson, D.J. Nitrogen metabolism in haloarchaea. Aquat. Biosyst.
2008, 4, 1–12. [CrossRef]
13. Martínez-Espinosa, R.M.; Lledó, B.; Marhuenda-Egea, F.C.; Díaz, S.; Bonete, M.J. NO3−/NO2− assimilation in halophilic archaea:
Physiological analysis, nasA and nasD expressions. Extremophiles 2009, 13, 785–792. [CrossRef]
14. Pedro-Roig, L.; Camacho, M.; Bonete, M.J. Regulation of ammonium assimilation in Haloferax mediterranei: Interaction between
glutamine synthetase and two GlnK proteins. Biochim. Biophys. Acta Proteins Proteom. 2013, 1834, 16–23. [CrossRef] [PubMed]
15. Pedro-Roig, L.; Lange, C.; Bonete, M.J.; Soppa, J.; Maupin-Furlow, J. Nitrogen regulation of protein—Protein interactions and
transcript levels of GlnK PII regulator and AmtB ammonium transporter homologs in Archaea. MicrobiologyOpen 2013, 2, 826–840.
[CrossRef]
16. Pire, C.; Martínez-Espinosa, R.M.; Pérez-Pomares, F.; Esclapez, J.; Bonete, M.J. Ferredoxin-dependent glutamate synthase:
Involvement in ammonium assimilation in Haloferax mediterranei. Extremophiles 2014, 18, 147–159. [CrossRef]
17. Esclapez, J.; Pire, C.; Camacho, M.; Bautista, V.; Martínez-Espinosa, R.M.; Zafrilla, B.; Vegara, A.; Alcaraz, L.; Bonete, M.J.
Transcriptional profiles of Haloferax mediterranei based on nitrogen availability. J. Biotechnol. 2015, 193, 100–107. [CrossRef]
[PubMed]
18. Payá, G.; Bautista, V.; Camacho, M.; Castejón-Fernández, N.; Alcaraz, L.A.; Bonete, M.J.; Esclapez, J. Small RNAs of Haloferax
mediterranei: Identification and potential involvement in nitrogen metabolism. Genes 2018, 9, 83. [CrossRef] [PubMed]
19. Payá, G.; Bautista, V.; Camacho, M.; Bonete, M.J.; Esclapez, J. New proposal of nitrogen metabolism regulation by small RNAs in
the extreme halophilic archaeon Haloferax mediterranei. Mol. Genet. Genom. 2020, 295, 775–785. [CrossRef]
Biomolecules 2021, 11, 1156 18 of 19
20. Rodríguez-Herrero, V.; Payá, G.; Bautista, V.; Vegara, A.; Cortés-Molina, M.; Camacho, M.; Esclapez, J.; Bonete, M.J. Essentiality of
the glnA gene in Haloferax mediterranei: Gene conversion and transcriptional analysis. Extremophiles 2020, 24, 433–446. [CrossRef]
21. Matarredona, L.; Camacho, M.; Zafrilla, B.; Bravo-Barrales, G.; Esclapez, J.; Bonete, M.J. The Survival of Haloferax mediterranei
under Stressful Conditions. Microorganisms 2021, 9, 336. [CrossRef] [PubMed]
22. Krysenko, S.; Okoniewski, N.; Kulik, A.; Matthews, A.; Grimpo, J.; Wohlleben, W.; Bera, A. Gamma-Glutamylpolyamine
Synthetase GlnA3 Is Involved in the First Step of Polyamine Degradation Pathway in Streptomyces coelicolor M145. Front. Microbiol.
2017, 8, 726. [CrossRef]
23. Krysenko, S.; Matthews, A.; Okoniewski, N.; Kulik, A.; Girbas, M.G.; Tsypik, O.; Meyners, C.S.; Hausch, F.; Wohlleben, W.;
Bera, A. Initial Metabolic Step of a Novel Ethanolamine Utilization Pathway and Its Regulation in Streptomyces coelicolor M145.
mBio 2019, 10, e00326-19. [CrossRef] [PubMed]
24. Forouhar, F.; Lee, I.S.; Vujcic, J.; Vujcic, S.; Shen, J.; Vorobiev, S.M.; Xiao, R.; Acton, T.B.; Montelione, G.T.; Porter, C.W.; et al.
Structural and functional evidence for Bacillus subtilis PaiA as a novel N1-spermidine/spermine acetyltransferase. J. Biol. Chem.
2005, 280, 40328–40336. [CrossRef]
25. Bai, L.; Chang, M.; Shan, J.; Jiang, R.; Zhang, Y.; Zhang, R.; Li, Y. Identification and characterization of a novel spermi-
dine/spermine acetyltransferase encoded by gene ste26 from Streptomyces sp. 139. Biochimie 2011, 93, 1401–1407. [CrossRef]
26. Planet, P.J.; Larussa, S.J.; Dana, A.; Smith, H.; Xu, A.; Ryan, C.; Uhlemann, A.C.; Boundy, S.; Goldberg, J.; Narechania, A.; et al.
Emergence of the epidemic methicillin-resistant Staphylococcus aureus strain USA300 coincides with horizontal transfer of the
arginine catabolic mobile element and speG-mediated adaptations for survival on skin. mBio 2013, 4, e00889-13. [CrossRef]
27. Campilongo, R.; Di Martino, M.L.; Marcocci, L.; Pietrangeli, P.; Leuzzi, A.; Grossi, M.; Casalino, M.; Nicoletti, M.; Micheli, G.;
Colonna, B.; et al. Molecular and functional profiling of the polyamine content in enteroinvasive E. coli: Looking into the gap
between commensal E. coli and harmful Shigella. PLoS ONE 2014, 9, e106589. [CrossRef]
28. Nguyen, A.Q.D.; Schneider, J.; Wendisch, V.F. Elimination of polyamine N-acetylation and regulatory engineering improved
putrescine production by Corynebacterium glutamicum. J. Biotechnol. 2015, 201, 75–85. [CrossRef]
29. Shaibe, E.; Metzer, E.; Halpern, Y.S. Metabolic pathway for the utilization of L-arginine, L-ornithine, agmatine, and putrescine as
nitrogen sources in Escherichia coli K-12. J. Bacteriol. 1985, 163, 933–937. [CrossRef]
30. Kurihara, S.; Oda, S.; Kato, K.; Kim, H.G.; Koyanagi, T.; Kumagai, H.; Suzuki, H. A Novel Putrescine Utilization Pathway Involves
γ-Glutamylated Intermediates of Escherichia coli K-12. J. Biol. Chem. 2005, 280, 4602–4608. [CrossRef] [PubMed]
31. Yao, X.; He, W.; Lu, C.D. Functional characterization of seven γ-Glutamylpolyamine synthetase genes and the bauRABCD locus
for polyamine and β-Alanine utilization in Pseudomonas aeruginosa PAO1. J. Bacteriol. 2011, 193, 3923–3930. [CrossRef] [PubMed]
32. Schneider, B.L.; Reitzer, L. Pathway and Enzyme Redundancy in Putrescine Catabolism in Escherichia coli. J. Bacteriol. 2012, 194,
4080–4088. [CrossRef] [PubMed]
33. Scherer, P.; Kneifel, H. Distribution of polyamines in methanogenic bacteria. J. Bacteriol. 1983, 154, 1315–1322. [CrossRef]
[PubMed]
34. Hamana, K.; Tanaka, T.; Hosoya, R.; Niitsu, M.; Itoh, T. Cellular polyamines of the acidophilic, thermophilic and thermoacidophilic
archaebacteria, Acidilobus, Ferroplasma, Pyrobaculum, Pyrococcus, Staphylothermus, Thermococcus, Thermodiscus and Vulcanisaeta. J.
Gen. Appl. Microbiol. 2003, 49, 287–293. [CrossRef] [PubMed]
35. Michael, A.J. Polyamine function in archaea and bacteria. J. Biol. Chem. 2018, 293, 18693–18701. [CrossRef]
36. Chen, K.Y.; Martynowicz, H. Lack of detectable polyamines in an extremely halophilic bacterium. Biochem. Biophys. Res. Commun.
1984, 124, 423–429. [CrossRef]
37. Hamana, K.; Kamekura, M.; Onishi, H.; Akazawa, T.; Matsuzaki, S. Polyamines in photosynthetic and extreme-halophilic
archaebacteria. J. Biochem. 1985, 97, 1653–1658. [CrossRef]
38. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]
39. Le, S.Q.; Gascuel, O. An Improved General Amino Acid Replacement Matrix. Mol. Biol. Evol. 2008, 25, 1307–1320. [CrossRef]
[PubMed]
40. Efron, B. Bootstrap methods: Another look at the jackknife. Ann. Statist. 1979, 7, 1–26. [CrossRef]
41. Sonnhammer, E.L.; Eddy, S.R.; Birney, E.; Bateman, A.; Durbin, R. Pfam: Multiple sequence alignments and HMM-profiles of
protein domains. Nucleic Acids Res. 1998, 26, 320–322. [CrossRef]
42. De Castro, E.; Sigrist, C.J.A.; Gattiker, A.; Bulliard, V.; Langendijk-Genevaux, P.S.; Gasteiger, E.; Bairoch, A.; Hulo, N. ScanProsite:
Detection of PROSITE signature matches and ProRule-associated functional and structural residues in proteins. Nucleic Acids Res.
2006, 1, W362–W365. [CrossRef]
43. Rodríguez-Valera, F.; Juez, G.; Kushmer, D.J. Halobacterium mediterranei spec. nov., a new carbohydrate utilizing-extreme halophile.
Syst. Appl. Microbiol. 1983, 4, 369–381. [CrossRef]
44. Palmer, J.R.; Daniels, C.J. In vivo definition of an archaeal promoter. J. Bacteriol. 1995, 177, 1844–1849. [CrossRef] [PubMed]
45. Danner, S.; Soppa, J. Characterization of the distal promoter element of halobacteria in vivo using saturation mutagenesis and
selection. Mol. Microbiol. 1996, 19, 1265–1276. [CrossRef] [PubMed]
46. Soppa, J. Transcription initiation in Archaea: Facts, factors and future aspects. Mol. Microbiol. 1999, 31, 1295–1305. [CrossRef]
[PubMed]
Biomolecules 2021, 11, 1156 19 of 19
47. Brenneis, M.; Hering, O.; Lange, C.; Soppa, J. Experimental characterization of Cis-acting elements important for translation and
transcription in halophilic Archaea. PLoS Genet. 2007, 3, e229. [CrossRef] [PubMed]
48. Pastor-Soler, S.; Camacho, M.; Bautista, V.; Bonete, M.J.; Esclapez, J. Towards the Elucidation of Assimilative nasABC Operon
Transcriptional Regulation in Haloferax mediterranei. Genes 2021, 12, 619. [CrossRef]
49. Matarredona, L.; Camacho, M.; García-Bonete, M.J.; Esquerra, B.; Zafrilla, B.; Esclapez, J.; Bonete, M.J. Analysis of Haloferax
mediterranei Lrp Transcriptional Regulator. Genes 2021, 12, 802. [CrossRef] [PubMed]
50. Payá, G.; Bautista, V.; Camacho, M.; Bonete, M.J.; Esclapez, J. Functional analysis of Lsm protein under multiple stress conditions
in the extreme haloarchaeon Haloferax mediterranei. Biochimie 2021, 187, 33–47. [CrossRef] [PubMed]
51. Dower, W.J.; Miller, J.F.; Ragsdale, C.W. High efficiency transformation of E. coli by high voltage electroporation. Nucleic Acids Res.
1988, 16, 6127–6145. [CrossRef]
52. Shapiro, B.M.; Stadtman, E.R. The regulation of glutamine synthetase in microorganisms. Annu. Rev. Microbiol. 1970, 24, 501–524.
[CrossRef]
53. Allers, T.H.; Ngo, P.; Mevarech, M.; Lloyd, R.G. Development of additional selectable markers for the halophilic archaeon
Haloferax volcanii based on the leuB and trpA genes. Appl. Environ. Microbiol. 2004, 70, 943–953. [CrossRef] [PubMed]
54. Kurihara, S.; Oda, S.; Tsuboi, Y.; Kim, H.G.; Oshida, M.; Kumagai, H.; Suzuki, H. γ-Glutamylputrescine Synthetase in the
Putrescine Utilization Pathway of Escherichia coli K-12. J. Biol. Chem. 2008, 283, 19981–19990. [CrossRef] [PubMed]
55. Rexer, H.U.; Schäberle, T.; Wohlleben, W.; Engels, A.H.U. Investigation of the functional properties and regulation of three
glutamine synthetase-like genes in Streptomyces coelicolor A3(2). Arch. Microbiol. 2006, 186, 447–458. [CrossRef] [PubMed]
56. García-Hernández, R. Análisis global de las Proteínas Fosfatasas de tipo Eucariota en Myxococcus xanthus. Ph.D. Thesis, University
of Granada, Granada, Spain, 2008.
57. de Azevedo Wäsch, S.I.; van der Ploeg, J.R.; Maire, T.; Lebreton, A.; Kiener, A.; Leisinger, T. Transformation of isopropylamine to
L-alaninol by Pseudomonas sp. strain KIE171 involves N-glutamylated intermediates. Appl. Environ. Microbiol. 2002, 68, 2368–2375.
[CrossRef]
58. Reuther, J.; Wohlleben, W. Nitrogen metabolism in Streptomyces coelicolor: Transcriptional and post-translational regulation. J. Mol.
Microbiol. Biotechnol. 2007, 12, 139–146. [CrossRef]
59. Fink, D.; Weissschuh, N.; Reuther, J.; Wohlleben, W.; Engels, A. Two transcriptional regulators GlnR and GlnRII are involved in
regulation of nitrogen metabolism in Streptomyces coelicolor A3(2). Mol. Microbiol. 2002, 46, 331–347. [CrossRef]
60. Amin, R.; Franz-Wachtel, M.; Tiffert, Y.; Heberer, M.; Meky, M.; Ahmed, Y. Post-translational serine/threonine phosphorylation
and lysine acetylation: A novel regulatory aspect of the global nitrogen response regulator GlnR in S. coelicolor M145. Front. Mol.
Biosci. 2016, 3, 38. [CrossRef]
61. Lledó, B.; Marhuenda-Egea, F.; Martínez-Espinosa, R.; Bonete, M.J. Identification and transcriptional analysis of nitrate assimila-
tion genes in the halophilic archaeon Haloferax mediterranei. Gene 2005, 361, 80–88. [CrossRef]
62. Chu, C.Y.; Rana, T.M. Small RNAs: Regulators and guardians of the genome. J. Cell. Physiol. 2007, 213, 412–419. [CrossRef]
63. Choudhuri, S. Lesser-known relatives of miRNA. Biochem. Biophys. Res. Commun. 2009, 388, 177–180. [CrossRef] [PubMed]
64. Liu, Q.; Paroo, Z. Biochemical principles of small RNA pathways. Annu. Rev. Biochem. 2010, 79, 295–319. [CrossRef] [PubMed]
65. Kurihara, S.; Oda, S.; Kumagai, H.; Suzuki, H. Gamma-glutamyl-gamma-aminobutyrate hydrolase in the putrescine utilization
pathway of Escherichia coli K-12. FEMS Microbiol. Lett. 2006, 256, 318–323. [CrossRef]
66. Hwang, S.; Chavarria, N.E.; Hackley, R.K.; Schmid, A.K.; Maupin-Furlow, J.A. Gene Expression of Haloferax volcanii on Intermedi-
ate and Abundant Sources of Fixed Nitrogen. Int. J. Mol. Sci. 2019, 20, 4784. [CrossRef] [PubMed]
